The animal sperm nucleus is characterized by an extremely compacted organization of its DNA after the global replacement of histones with sperm-specific nuclear basic proteins, such as protamines [1, 2] . In the absence of DNA repair activity in the mature gamete, the integrity of the paternal genome is potentially challenged by the unique topological constraints exerted on sperm DNA [3] . In addition, the maintenance of paternal DNA integrity during the rapid remodeling of sperm chromatin at fertilization has long been regarded as a maternal trait [4] . However, little is known about the nature of the egg proteins involved in this essential aspect of zygote formation [5, 6] . We had previously characterized the unique phenotype of the classical Drosophila maternal effect mutant maternal haploid (mh), which specifically affects the integration of paternal chromosomes in the zygote [7] . Here we show that MH is the fly ortholog of the recently identified human DVC1/Spartan protein, a conserved regulator of DNA damage tolerance [8] [9] [10] [11] [12] [13] [14] . Like Spartan, MH protein is involved in the resistance to UV radiation and recruits the p97/TER94 segregase to stalled DNA replication forks in somatic cells. In the zygote, we found that the mh phenotype is consistent with perturbed or incomplete paternal DNA replication. Remarkably, however, the specific accumulation of MH in the male pronucleus before the first S phase suggests that this maternal protein is required to maintain paternal DNA integrity during nuclear decondensation or to set the paternal chromatin landscape in preparation of the first zygotic cycle.
The animal sperm nucleus is characterized by an extremely compacted organization of its DNA after the global replacement of histones with sperm-specific nuclear basic proteins, such as protamines [1, 2] . In the absence of DNA repair activity in the mature gamete, the integrity of the paternal genome is potentially challenged by the unique topological constraints exerted on sperm DNA [3] . In addition, the maintenance of paternal DNA integrity during the rapid remodeling of sperm chromatin at fertilization has long been regarded as a maternal trait [4] . However, little is known about the nature of the egg proteins involved in this essential aspect of zygote formation [5, 6] . We had previously characterized the unique phenotype of the classical Drosophila maternal effect mutant maternal haploid (mh), which specifically affects the integration of paternal chromosomes in the zygote [7] . Here we show that MH is the fly ortholog of the recently identified human DVC1/Spartan protein, a conserved regulator of DNA damage tolerance [8] [9] [10] [11] [12] [13] [14] . Like Spartan, MH protein is involved in the resistance to UV radiation and recruits the p97/TER94 segregase to stalled DNA replication forks in somatic cells. In the zygote, we found that the mh phenotype is consistent with perturbed or incomplete paternal DNA replication. Remarkably, however, the specific accumulation of MH in the male pronucleus before the first S phase suggests that this maternal protein is required to maintain paternal DNA integrity during nuclear decondensation or to set the paternal chromatin landscape in preparation of the first zygotic cycle.
Results and Discussion
Molecular Identification of the maternal haploid Gene The original mh 1 allele (or fs(1)1182) was isolated in an ethyl methanesulfonate mutagenesis screen for X-linked female sterile mutations [15, 16] . Complementation analyses with newly available deficiencies [17] allowed us to reduce the mh genetic interval to a 33 kb region (13C3-13C5) with 12 predicted genes ( Figure 1A ). As mh is a strict maternal effect mutation, we focused on CG9203, a gene mainly expressed in adult ovary [18, 19] (Flybase). We mobilized a P element (P {SUPor-P}CG9203
KG05829
) inserted in CG9203 to generate deletion alleles by imprecise excision. We isolated a female sterile mutation, mh 2 , which did not complement the maternal effect embryonic lethal phenotype of mh 1 (Table S1 available online). Molecular analysis of the mh 2 allele revealed the presence of a 903 bp deletion in CG9203. The deletion generated a premature STOP codon at the end of the second exon, leaving only 65 residues of the 724 aa predicted wild-type protein (Figure 1B) . The identity of mh and CG9203 was finally confirmed by the rescue of mh 2 female sterility with a transgenic bacterial artificial chromosome (BAC) fragment containing the entire CG9203 gene and with a transgene expressing Maternal Haploid (MH) tagged in its N terminus with the V5 peptide (V5::MH; Figures 1A and 1B; Table S1 ).
Homozygous mh 2 females produced eggs in normal quantities (hereafter mh 2 eggs), but that failed to hatch (data not shown; Table S1 ). Hemizygous mh 2 /Y males were viable and fertile. Fertilization, pronuclear decondensation and apposition seemed to occur normally in mh 2 eggs ( Figure 1C ). However, in metaphase of the first zygotic mitosis, paternal chromosomes appeared improperly condensed and systematically formed a chromatin bridge in anaphase in a way identical to what we previously described for mh 1 eggs (Figures 1C and S1A) [7] . As for mh 1 , most mh 2 embryos arrested their development after a few catastrophic mitoses, but about 20% escaped this early arrest and developed as nonviable gynogenetic haploid embryos after the loss of paternal chromosomes at the first mitosis ( Figure 1D ).
Interestingly, sequencing of the CG9203 coding region in mh 1 revealed the presence of five nonsynonymous substitutions (M151K, A368D, K372N, E381K, and K441T) compared to the reference genome sequence. The high evolutionary conservation of methionine 151 (see below) suggests that the M151K mutation is responsible for the mh 1 phenotype, while the other changes could be polymorphisms.
MH Specifically Accumulates in the Male Nucleus before the First Zygotic S Phase Since maternal chromosomes in mh mutant eggs condense and divide normally, the mh phenotype cannot be explained by a general defect in mitotic chromosome condensation [7] . Several studies have established that perturbing DNA replication can lead to abnormal mitotic chromosome condensation and a chromatin bridge in mitosis [20] [21] [22] [23] . To determine if the male pronucleus in mh eggs is capable of replicating its DNA, we attempted to incorporate the thymidine analog EdU (5-ethynyl-2 0 -deoxyuridine) during the first zygotic S phase. Feeding adult females with EdU allowed us to observe, on very rare occasions, its incorporation in DNA during the first zygotic S phase. In all four cases of mh cycle 1 embryos that had been exposed to the reagent, EdU had been clearly incorporated in both parental sets of chromosomes ( Figure S1B ). Although the rarity of these cases and the relative faintness of the staining did not allow us to reliably appreciate the level of EdU incorporation, this experiment nevertheless confirmed that paternal chromosomes at least initiate replication in mh eggs. We then tried to directly evaluate the phenotypic consequences of impeding DNA synthesis during the first zygotic replication. We chose to knock down the expression of the large catalytic subunit of DNA polymerase epsilon complex (DNApol-ε) by expressing a small hairpin RNA in the female germline [24] . Strikingly, DNApol-ε knocked-down females produced embryos where both parental sets of chromosomes failed to condense normally in metaphase and systematically formed a chromatin bridge in anaphase, in a way similar to paternal chromosomes in mh mutant eggs ( Figure S1A ). Interestingly, in both cases, the dynamics of proliferating cell nuclear antigen (PCNA) in pronuclei appeared normal, again suggesting that DNA replication was not entirely disrupted (see Figures S3D) . Taken together, these observations indicate that the mh phenotype is indeed compatible with a paternal DNA replication problem.
We then investigated the distribution of MH protein at fertilization. In Drosophila, eggs are fertilized shortly before deposition and male pronucleus formation occurs rapidly as female meiosis resumes. We generated a polyclonal antibody directed against two MH peptides. Remarkably, in wild-type eggs, the anti-MH antiserum specifically stained the decondensing male nucleus but not female chromosomes in meiosis II ( Figure 2A ). No staining was detected in the male nucleus in mh 2 eggs, thus demonstrating the specificity of the antibody and confirming that mh 2 is a null allele ( Figure 2B ). In contrast, the mh 1 mutation did not affect the localization of the protein ( Figure 2B ). Finally, in eggs from mh 2 ; V5:mh females, we confirmed that V5::MH also specifically localized in the male nucleus using anti-V5 antibodies ( Figure 2C ). Importantly, the localization of MH or V5::MH in the male nucleus appeared very transient. MH was most abundant in the male nucleus of eggs in metaphase of female meiosis II but then rapidly vanished ( Figure 2A ). As metaphase of female meiosis II is the earliest stage we can practically observe, we do not know if MH localizes earlier in the male nucleus, notably when protamine-like proteins are replaced with histones. Importantly, MH was no longer detected in the male nucleus at the onset of the first zygotic S phase, just before pronuclear apposition [25] ( Figure 2D ). Thus, although the improper condensation of paternal chromosomes in mh mutant zygotes is reminiscent of perturbed DNA replication, our results clearly show that MH is required in the male nucleus well before the first S phase, indicating that the observed phenotype is an indirect consequence of an earlier defect.
MH Is the Drosophila Ortholog of Human Spartan/DVC1
Blast analyses revealed that MH is highly conserved among metazoan (data not shown) and, recently, its human ortholog Spartan/C1orf124/DVC1 was characterized by several groups [8] [9] [10] [11] [12] [13] [14] . Like Spartan, MH is characterized by the presence of a large and remarkably conserved SprT domain [26] in its N terminus ( Figure 3A) . The domain spans 185 residues (111-296) including a stretch of 28 residues that are identical in human Spartan and that contain a predicted HExxH catalytic motif found in zinc-dependent metalloproteases ( Figure 3B ) [26] . Searching protein databases identified only two human proteins with an SprT domain, Spartan and ACRC (Acidic-repeat containing protein), and four in Drosophila melanogaster, including MH. Thus, SprT-containing proteins seem relatively rare in animal proteomes.
Another key feature of Spartan/MH orthologs is the presence of at least one ubiquitin binding zinc finger (UBZ) [27] of the CCHC-type in its C terminus ( Figures 3A and 3C) . The association of the SprT domain with one or two UBZ domains is unique to Spartan orthologs, and on the basis of this criterion, a single Spartan/MH representative was found in most animal species (data not shown).
To investigate the functional contribution of these protein domains at fertilization, we generated a series of transgenes expressing various mutated versions of V5::MH under the control of its endogenous upstream sequences. All transgenes were inserted in the same attP landing platform in order to achieve similar expression levels ( Figure S2) . A control transgene expressing wild-type V5::MH fully rescued the fertility of mh 2 females ( Figure 3A ). In the ovaries of these females, V5::MH accumulated in nurse cell nuclei and in the germinal vesicle (the oocyte nucleus) from stage 10 egg chambers onward, thus reflecting the main germline expression of mh in adult females ( Figure 3F ). We then tested two independent transgenes with point mutations designed to inactivate the predicted HEMIH peptidase motif of the SprT domain. Changing both histidine residues of the motif or the glutamic acid completely annihilated the ability of the transgenes to rescue mh 2 ( Figure 3A ). Unexpectedly however, we could not detect these mutated versions of V5::MH in ovaries despite a level of mRNA expression equivalent to the endogenous gene, suggesting that an intact peptidase motif is required for protein stability ( Figure S2 ). Unfortunately, our failure to detect MH or V5::MH in a western blot assay using anti-MH or anti-V5 antibodies, respectively, prevented us from directly testing this possibility. The essential role of the SprT domain of MH is also supported by the presence of the M151K mutation in the original mh 1 allele. This residue lies upstream the HEMIH catalytic motif within the SprT domain and is highly conserved in Spartan/MH orthologs ( Figure 3B ). These results indicate that the SprT domain and its putative proteolytic activity are essential for the function of MH. However, the role of this metalloprotease domain in the decondensing male nucleus remains elusive, as it is for its human ortholog in somatic cells.
In another series of transgenes, we mutated or deleted the predicted UBZ motifs of MH. Removing only the second UBZ (V5:mh C699* transgene) did not abolish the fertility of rescued females. However, inactivation of the first UBZ (V5:mh C588F ) or deletion of both motifs (V5:mh DUBZ ) destabilized the protein and prevented mh 2 rescue ( Figure 3A and Figure S2 ). Besides the SprT and UBZ domains, human Spartan contains a PCNAinteracting protein (PIP) box and a SHP motif required for the interaction with the VCP/p97 segregase [12, 14] . Both motifs seem to be conserved in MH although they do not perfectly match the consensus [28] (Figures 3C and 3D) . However, deletion of the PIP (V5:mh DPIP ) or SHP (V5:mh DSHP ) reduced but did not abolish the fertility of rescued females, demonstrating that these motifs are not essential for the pronuclear function of MH.
Like Spartan, MH Is Involved in UV Resistance and Associates with PCNA in Somatic Cells A recent series of papers collectively established that Spartan/ DVC1 is a regulator of translesion synthesis (TLS) and is involved in the response to UV-induced DNA damage in human cells [8] [9] [10] [11] [12] [13] [14] . TLS is a mechanism of DNA damage tolerance in which the replacement of replicative polymerases with specialized TLS polymerases allows stalled replication forks to bypass certain types of DNA lesions [29, 30] . The finding that mh encoded a putative conserved regulator of TLS was unexpected when considering its highly specialized and replication-independent function in the male pronucleus. To explore the possibility that MH could play an additional role in TLS in somatic cells, we first tested the sensitivity of mh See also Figure S4 . mutant larvae to UV radiation. Strikingly, mh 2 third instar larvae displayed the same sensitivity to UV light than larvae deficient for the TLS polymerase DNA pol-eta [31] (Figure 4A ). Importantly, the UV resistance of mh 2 larvae was fully restored by two copies of the V5:mh transgene, thus confirming the specific implication of MH in this resistance.
In human cells, Spartan is almost systematically found associated with the replication factor PCNA, which is also a key regulator of the polymerase switch at the site of DNA lesions during TLS [32] . Spartan and PCNA hence colocalize in multiple nuclear foci that correspond to stalled DNA replication forks. To test the intrinsic ability of MH to associate with PCNA in somatic cells, we took advantage of salivary gland polytene chromosomes that naturally accumulate PCNA at stalled replication forks [33] . In wild-type third instar larvae, we observed PCNA accumulated in randomly distributed foci that usually did not span the entire width of polytene chromosomes ( Figure 4B and S3C) . As mh is not expressed in salivary glands (Flybase), we generated transgenic lines expressing V5::MH under the control of the inducible UAS/Gal4 system. Strikingly, induction of the UAS-V5:mh transgene in salivary gland led to a near perfect colocalization of V5::MH with PCNA foci ( Figure 4B ). V5::MH foci were indistinguishably detected using anti-MH or anti-V5 antibodies ( Figures S3B and 4C) . We conclude that MH is indeed capable of accumulating with PCNA at stalled replication forks, thus sharing this property with its human ortholog. The precise role of Spartan at DNA replication blocks is, however, not entirely clear. Several studies have proposed that Spartan regulates TLS by enhancing Rad18-dependent PCNA ubiquitination [8, 10] or by stabilizing ubiquitinated PCNA and RAD18 at DNA damage sites [9, 14] . The apparent absence of a RAD18 homolog in Drosophila prevented us to test this possibility. Two other groups have alternatively proposed that Spartan could be involved in the recruitment of the p97/ VCP segregase to replication blocks to limit the extent of TLS by extracting TLS polymerases [12, 13] . The molecular chaperone p97/VCP is a conserved AAA-ATPase (ATPase associated with diverse cellular activities) represented in Drosophila by the ubiquitously expressed TER94 protein [34] . Immunofluorescence of salivary glands with anti-p97/ VCP antibody (that recognizes TER94 [35] ) barely stained squashed polytene chromosomes. Surprisingly however, we observed the accumulation of TER94 at MH foci when V5::MH was expressed in salivary glands ( Figure 4D ). These results demonstrate that MH is indeed capable of recruiting TER94 at stalled forks, thus strongly supporting the same property for Spartan/DVC1 in human cells. However, despite the functional conservation of MH and Spartan in somatic cells, neither PCNA nor TER94 were detected in the decondensing male nucleus ( Figures S3D and S3E) , thus reinforcing the idea that MH functions differently in the egg and in larval somatic cells. In addition, the fertility of DNApol-eta 12 mutant females ( [31] and our own observations) argues against a specific implication of TLS per se in the male pronucleus.
Finally, during the course of this study, we discovered that the DNA damage marker gH2A.Z (histone H2A.Z [36] phosphorylated at serine 137) specifically accumulated as nuclear foci in the decondensing male nucleus, in a way similar to the asymmetric distribution of gH2A.X foci in the male pronucleus of mouse zygotes [37, 38] . However, the dynamic distribution of these paternal gH2A.Z foci did not seem altered in mh mutant eggs ( Figure S4 ), suggesting that MH function is at least not directly related to the presence of these marks, although this does not rule out that these putative paternal DNA damage could persist in mutant eggs.
Conclusions
Although MH shares with Spartan a somatic role in UV resistance, the essential replication-independent function of this metalloprotease in the male pronucleus is not consistent with canonical TLS. We instead favor a role of MH specifically related to the unique chromatin or topological features of sperm DNA. Although mh does not perturb global paternal chromatin assembly triggered by the eviction of sperm protamines [7] , it is possible that yet unknown sperm nuclear proteins require MH for their timely proteolysis at fertilization, in preparation of the first S phase. Alternatively, the recently formulated hypothesis that Spartan could repair DNA-protein crosslinks, such as those involving topoisomerases [39] , is particularly stimulating as these enzymes are involved in sperm DNA topological rearrangements at the histone-to-protamine transition [40, 41] . Finally, as Drosophila and humans share a protamine-based organization of sperm chromatin, future work will have to determine if Spartan/DVC1 is similarly required in mammals to preserve the integrity of paternal chromosomes at the onset of embryogenesis.
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